The application of Spatially-Modulated Ultrasound Radiation Force (SMURF) to shear modulus imaging is demonstrated in tissue-mimicking phantoms and porcine liver. Scanning and data acquisition was performed with a Siemens Antares ultrasound scanner and VF7-3 linear array operating at 4.21 MHz. Modulus estimates in uniform phantoms ofZerdine with shear moduli of5.1 and 12.4 kPa exhibited standard deviations within 6% ofthe mean value. Zerdine spheres I cm in diameter (nominally 2.7, 4.7 and 15 kPa) in a 8 kPa (nominal) background are clearly resolved. Cross sectional images of a soft conical inclusion in a gelatin-based phantom indicate a spatial resolution ofapproximately 2.5 mm. Images ofthe shear modulus ofan ex-vivo sample ofporcine liver tissue show an average value of3 kPa. A stifflesion induced with 0.5 mL of 10% glutaraldehyde is clearly visible as a region ofshear modulus in excess of I0 kPa. A modulus gradient associated with the diffusion ofthe glutaraldehyde is visible. Two pulse sequences were examined, differing only in the timing of the beams used to generate the shear waves. Details of the beam sequences and subsequent signal processing are presented.
INTRODUCTION
Methods for quantitative imaging of tissue shear modulus using acoustic radiation force induced shear waves are currently under development. Tissue shear modulus is thought to have significant diagnostic utility and provides an image contrast mechanism distinct from that ofconventional imaging modalities, e.g.. B-mode ultrasound and X-ray CT.! The ability to quantify tissue modulus reliably may reduce the need for tissue biopsy and can allow longitudinal tracking oftissue response to therapy.' The use ofacoustic radiation force to generate shear waves in tissue for the purpose of tissue characterization was first proposed by Sarvazyan.' Supersonic Shearwave Imaging (SSI), described by Bercoff, Tanter and Fink, estimates tissue viscoelastic properties by tracking the progress of radiation-foree-induced shear waves with an ultrafast scanner.' Multiple ultrasound tone bursts focused at a sequence of depths and transmitted in rapid succession are used to create a pair oflarge amplitude shear waves. The propagating shear waves are distorted by variations in shear modulus. Inversion algorithms applied to the tracked motion data are used to recover the shear modulus.
Palmeri et al propose the Time-To-Peak (TTP) algorithm for shear modulus estimation.' In this method, a shear wave is generated by the acoustic radiation force ofa short (tens ofJ.1s) focused ultrasound toneburst. Tissue motion lateral to the push beam is then tracked at multiple locations. The time-to-peak displacement at each location is taken as the 'arrival time' of the shear wave. Knowledge ofthe arrival times and distance between the tracking locations allows the shear wave speed c to be estimated. The shear modulus G is then determined through the relationship G = p 2 ,where p is the tissue density. A linear regression analysis c , of the measured arrival times is used to make the method more robust to noise.
The method of Shear Dispersion Ultrasound Vibrometery (SDUV) uses a time-varying radiation force to generate a harmonic shear wave. 5 Ultrasonic tracking then measures tissue motion at known distances from the vibration source. The phase shift as a function of distance from the point of excitation is estimated from the motion data to determine the shear wavelength A. Coupled with the known vibration frequency f, the shear modulus can estimated as G = P (Ail.
In the TTP and SDUV methods, the propagation path length for the shear waves is assumed to be equal to the distance between the axes ofthe tracking beams used to measure the passage of the shear wave. With this assumption, estimation of shear wave speed would seem to be a simple matter of determining the time required by the shear wave to propagate past two observation points. However, a significant variance in the shear wave speed estimate is observed with this method, even within a homogeneous phantom:' 6 The variation is consistent at a given observation point and not due to inadequate SNR. Therefore, it cannot be reduced by temporal averaging and spatial averaging of measurements is required to reduce the estimate variance. This spatial averaging, of course, reduces spatial resolution.
Our previous results suggest that the measurement noise is due to a speckle-induced variation in the effective distance between the track beams.' Interference ofthe echo signal from discrete scattering sources within the tissue gives rise to areas of strong and weak reflection. The tracked echo along a given line will reflect the motion of the scatterers that most constructively interfere. These scatterers are not necessarily located on the beam axis but are potentially displaced from it. The distance between the tracked points is not, then, simply the distance between the axes ofultrasound tracking beams but rather a function ofthe two-way beam pattern and scatterer distribution at a given depth. A similar effect was noted by Ophir et al in pulse-echo estimates of ultrasonic sound speed estimation.' Tracking beam spacings are on the order of 1-4 mm while beamwidths can be on the order of 0.2-0.5 mm. Thus, this speckle-induced uncertainty in the path length can be a substantial fraction of the path length.
In contrast, the SMURF method performs tracking along a single A-line while pushing at two or more locations. The shear wave speed is estimated from the difference in arrival times of the pulses and the path length difference is assumed to be equal to the offset in the push beam locations. The critical difference between this method and those described above is that the tracking takes place at a single location. The location of a speckle at a particular depth may bias the arrival time estimate of a shear wave from one pushing location. However, the same bias will be applied to all shear waves propagating in the same direction. Estimation ofthe arrival time difference will subtract away any constant bias in the measurement. A speckle-induced uncertainty in the location ofthe push beams does not exist because the radiation force is overwhelmingly determined by the attenuation of the medium rather than its scattering." The scattering contribution to the radiation force is small and the location of the push beam is well represented by the push-beam axes.
A challenge for the SMURF method is the viscoelastic nature oftissues. Our previous development of the SMURF method assumed a linear elastic model that neglected shear wave dispersion. We have found that dispersion effects complicate the application ofSMURF in strongly viscoelastic media, e.g. liver tissue. We have developed and present here a modified sequence, denoted as SMURF-mod. Briefly, the SMURF -mod method introduces a time delay between each push-beam spatial peak. This delay allows individual shear-wave peaks generated by the push-beam sequence to be more easily detected while retaining the advantages of a single tracking location.
The goal of this paper is to demonstrate shear-modulus imaging with SMURF. The standard SMURF method is compared with the modified sequence in elastic phantoms. We demonstrate that the two methods provide equivalent results in elastic media. Images ofmodulus are found to be similar with both methods in elastic spherical and conical phantoms. Modulus estimates in homogeneous phantoms are also shown to agree within the estimate standard deviations. SMURF -mod is found to be superior in liver tissue while SMURF with similar push beam spacing does not yield a useful modulus estimate. As described in the Methods section, SMURF -mod is slightly more time consuming as it requires more tracking echoes to generate an estimate.
METHODS
All imaging was performed with a Siemens Antares scanner (Siemens Medical Solutions, USA, Ultrasound Group). Echo data were collected using the Axius Direct research interface, which allows acquisition ofbeam formed rf echo data sampled at 40 MHz and digitized with 16-bit resolution." A linear-array transducer (Siemens VF7-3) was used for scanning in all cases. This transducer array consists of 192 elements of approximately 0.2 mm pitch and 7.5 mm height. The elevation focus of the array, set by a fixed cylindrical lens, is 3.8 em.
Imaging sequences
Images of shear modulus are developed from SMURF pulse ensembles. Each ensemble provides an estimate of modulus as a function of range along a ray emanating from the transducer. The grouping ofa set oftransmitted pulses and corresponding echo signals into an ensemble is conceptually similar to the grouping used to describe a color-Doppler pulse sequence." Multiple ensembles are transmitted with a uniform lateral translation between each ensemble to sweep out a two-dimensional area and allow for image formation. In the experiments described here with a linear array transducer, a simple translation in is applied between one ensemble and the next. In the case of a phased-array probe, beam steering would be used to sweep ensembles over the region of interest.
Each ensemble consists oftwo types ofpulses -'tracking' and 'pushing' pulses. Tracking pulses are standard B-mode-style pulses used to follow the motion of tissue in response to applied radiation forces. These pulses were generated with a single cycle, 4.21 MHz sinewave excitation. Transmit focal depths of 1.5,2,2.5 and 3 ern were used and in all cases apodized to an F-number of 1.8. Dynamic focusing and apodization was applied to the received echoes. Pushing pulses for generating displacements were 200 cycle (47.5 us ) tonebursts of 4.21 MHz center frequency. The focal depth ofthe push beam was matched to that of the tracking beam and a uniform F/3.5 apodization was used. Field II simulations of the push beam pattern are illustrated in figure I. II Two ensemble types were evaluated. The pulse sequence for each ensemble type is illustrated schematically in figure 2. In the first type (SMURF), a tracking pulse is transmitted at one scan line location. The echo, dynamically focused and apodized, is collected to generate a reference A-line. Two pushing pulses are then transmitted in rapid succession. The focus of each push beam is at the same depth z as the tracking beam but translated laterally by !:lr The distance between the beam axis of the tracking line and the axis ofthe first push beam.A; is independent of the spacing between push beams. A series of tracking pulses is transmitted and echoes collected along the same scan line as the reference echo. Cross correlation processing of the resulting echo signals, as described below, allows the tissue motion in response to the two pushing pulses to be measured. Unless otherwise noted, in the experiments described here the pulse period (time between start of each pulse) was 134 us , !:lp was 2.48 mm and !:lrwas 1.8 mm. The value of!:lp was chosen such that the first lateral null ofthe one push beam aligns with that ofthe other push beam, maximizing the intensity variation in the For other values of !i p , the push beam F-number should be adjusted to maintain the alignment ofthe push beam nuIls. Since the depth offield is proportional to the F-number squared, there is a trade-off between push beam spacing (i.e., lateral resolution) and depth of field. The value of !iT was selected so that the propagation delay of the shear wave from the first push location to the tracking location was greater than the time required to transmit the second push beam and two tracking beams. This ensured that the entire shear wave would be observed.
The second ensemble type (SMURF-mod) differs from the first in that tracking pulses are inserted between the first and second push pulses. FoIlowing the first push pulse, 30 tracking pulses are transmitted and echoes coIlected to measure the tissue motion. The second push pulses is then transmitted, translated lateraIly by !i p relative to the first push pulse beam axis and A, + !iTrelative to the tracking beam axis. Forty tracking pulses are then transmitted and echoes coIlected at the tracking beam location. The extra 10 tracking pulses are added to allow for the extra transit time needed for the shear wave from the second push pulse to reach the tracking beam axis, compared to the shear wave from the first tracking pulse. In both ensemble types, all tracking is performed along a single A-line.
SMURF imaging sequences used in this study were made up of60 ensembles, with a lateral translation of 0.53 mm between ensembles, yielding a lateral field of view of3.2 em. SMURF-mod imaging sequences contained 40 ensembles with the same 0.53 mm translation between ensembles, resulting in a 2. I em field ofview. Rfecho data was coIlected over a 0-4 em axial window.
Signal processing
AIl signal processing subsequent to echo coIlection was implemented in MATLAB (The Mathworks, Natick, MA). Tissue displacement relative to the position prior to radiation force excitation was measured using normalized cross correlation ofwindowed segments of the rf echo signals, as described in reference 6. The window segments were 1.5 IlS long, corresponding to a range window of 1.2 mm. Low-pass interpolation was used to increase the rf sample frequency to 320 MHz. Following calculation ofthe normalized cross correlation of each echo window with the reference echo, parabolic interpolation of the correlation function was used to determine the location of the peak with subsample precision. The resulting discrete-time measurements of displacement d[z, m], a function both of target range z and echo index m, were converted to a velocity estimate by the finite difference approximation
where PRF is the tracking pulse repetition frequency. In the case of SMURF echo sequences, the tracking process results in a single two-dimensional matrix v of velocity estimates vs. depth and time. The modified-SMURF pulse sequences are tracked identically but split into two matricies, v, and V 2 ' corresponding to velocity estimates associated with the first and second pushing pulses.
The method used to generate modulus estimates varied slightly depending on the pulse sequence used. For SMURF sequences the autocorrelation method described in reference 6 was used. The velocity sample was upsampled by a factor often by low-pass interpolation to improve the precision of the shear-wave delay estimates. For each depth z, the autocorrelation R of the upsampled discrete time velocity estimate vJn] was calculated as
The lag corresponding to the period of the vibration signal at depth z was taken to be the lag ofthe peak ofR v , [m]in the range mmin < m < 00, where m"'in is the lag ofthe minimum x. for a given z. Identification of this peak was improved by suppression of low-frequency components of the velocity signal (due either to transducer motion or the low-frequency, nonspatially-modulated component of the velocity signal") by subtracting a second-order polynomial fit from the autocorrelation ofthe velocity signal at each depth. The frequencyf ofthe SMURF-induced shear wave is taken to be the reciprocal ofthe lag ofthe identified local maximum of R. The shear modulus G was then calculated as reference 6
where Tis the time between push pulses and p the material density (assumed to be 1.0 g/cm). The factor of 1/(1 -j7)2 is a correction term arising from the propagation of the shear wave due to the first pushing pulse before the transmission of the second pulse. This early propagation increases the effective spacing between beams.
Processing ofthe SMURF-mod data is similar in principle. Cross-correlation ofthe velocity signals VI and v 2 at each depth z was used to determine the difference in arrival time T due to the extra distance L1 p that the shear wave due to the second push pulse must propagate to arrive at the tracking location. THe cross correlation was calculated as 
Note that, in contrast to the SMURF calculation, no correction factor is applied. The velocity signals VI [z, n] and V 2 [z, n] have their temporal origin set with respect to their corresponding pushing pulses; no time difference would be observed in the case where L11' = O.
For both pulse sequences, the shear-wave propagation paths are identical except for the difference L1p-The estimated modulus thus corresponds to the modulus ofthe region between the pushing pulses. Because the tracking ofthe tissue takes place along the same A-line in all cases, any decorrelation or speckle-induced noise is identical for both measurements. The differential nature ofthe time delay measurement ensures that biases common to both pulses are suppressed.
Similar to conventional B-mode imaging, multiple transmit foci were used to improve the depth offield of the image. Focal depths of 1.5, 2, 2.5 and 3 em were used. The final image was a composite ofthe focal zones ofeach ofthese sub-images. In the results presented here, no blending ofimages from each focal zone was performed. The image sections were merely stacked together to form the composite image.
PHANTOMS
Three phantom types were used in this study. Homogeneous phantoms, with uniform shear modulus, acoustic wavespeed, attenuation and backscatter characteristics, were used to verify the calibration ofthe imaging sequences. A phantom containing spherical lesions of varying shear modulus was used to evaluate the effect ofcontrast on shear-modulus images. Last, a phantom with a conical inclusion was scanned to asses the spatial resolution of the imaging sequences.
Homogeneous phantoms
Two cylinders ofZerdine tissue-mimicking material (Computerized Imaging Reference Systems, Inc, Norfolk, VA) were used as homogeneous phantoms. The cylinders had a diameter of 5.1 em and a height of 2.4 em. The nominal sound speed and attenuation were 1,540 m/s and 0.5 dB/em/MHz, respectively. The shear modulus of the compliant (G = 5.5 kPa) and stiff(G = 12 kPa) cylinders determined through unconfined compression was taken as the gold-standard value."
Spherical-inclusion phantom
A CIRS Model 049 Elastography Phantom was used as a test target for imaging (Computerized Imaging Reference Systems, Inc, Norfolk, VA). This phantom is ultrasonically tissue mimicking with a sound speed of 1,540 mJsand attenuation of 0.5 dB/cmJMHz. The phantom contains spherical inclusions that appear isoechoic with respect to the background in B-mode but differ significantly in shear modulus. The nominal moduli, as specified by the manufacturer, ofthe background and scanned inclusions are listed in table 1. Spheres 1 em in diameter, centered 2.5 em below the scanning surface, were imaged. Each sphere was scanned individually, as the field of view was insufficent to include multiple lesions. Scans of the phantom were performed with the scan plane aligned with the diameter ofthe spherical inclusions.
Conical-inclusion phantom
To ascertain the effect of lesion diameter on modulus estimate, a conical phantom was fabricated. This phantom, sketched in figure 3, contained conical and cylindrical inclusions of low shear modulus in a relatively stiffer background. The conical section has a height of 33 mm and base diameter 12 mm. The phantom was gelatin based and used cornstarch as a scattering agent. 6 Circular cross sectional scans ofthe conical inclusion were obtained at nine locations in 4 mm increments along the axis of the cone. Translation of the transducer was performed by a linear stage. The phantom was acoustically coupled to the transducer through a mineral oil at a separation of 1-2 mm. The base ofthe cone was taken as the zero point for scan plane translation along the axis ofthe cone. Alignment ofthe scan plane with the base was achieved by inspection ofB-mode images; the scan plane which just included a clear specular reflection from the cylindrical base ofthe conical section was taken as the starting scan plane. Longitudinal scans ofthe conical section were obtained with the cone axis aligned within the scan plane.
Porcine liver
Porcine liver tissue was obtained fresh at slaughter from a local butcher. The liver was kept immersed in chilled 0.9% saline until scanning. A single lobe of the liver was excised from the whole and kept immersed in saline for scanning. The chilled saline was replaced with room temperature saline and the liver allowed to warm for 30 minutes. The liver was scanned to find a plane with uniform B-mode appearance, free from obvious large vessels, and SMURF data was collected. A stiff lesion was then induced by injection of 0.5 mL of 10% gluteraldehyde solution. Shear modulus images were obtained at four and eight minutes after the injection.
RESULTS

Homogeneous phantom
Shear modulus images of the uniform Zerdine phantoms are presented in figure 4 . These images have not been subjected to any median or spatial-average filtering. The mean and standard deviation ofthe modulus estimate over the field ofview for each phantom are listed in table 2. The mean modulus values agree within the associated standard deviation across each ofthe beam sequences. No bias in the modulus estimate appears to be introduced by the use of the second-order fit autocorrelation filtering of the SMURF data. The filtering does eliminate some false-peak detection errors that lead to gross underestimates ofthe modulus, as seen in unfiltered modulus estimates in figure 4 . Sample auto-and cross-correlation traces for each method are shown in figure 5 .
Spherical-inclusion phantom
Matched B-mode, SMURF and SMURF-mod images ofType I, II, and III spherical inclusions are shown in figure 6 . Modulus values for the lesions are consistent for both estimators. The horizontal band ofslightly lower modulus is thought to be a seam (visible in the matched B-mode images) in the phantom introduced in the manufacturing process. The low-modulus artifact in the lower-right quadrant of the SMURF image ofType III lesion is a failure of the autocorrelation estimator. In this region a 'false peak' in the autocorrelation with greater lag than the correct value has been identified. This artifact illustrates an advantage of the SMURF-mod method, namely, freedom from false-peak errors of this type.
Using the SMURF-mod sequence, itis possible to use a smaller value of~pand still distinguish the resulting two shear waves peaks due to their greater separation in time. This fact leads naturally to the question of whether lateral resolution can be enhanced by closer spacing of push beams of a given size. To address this question, a series of images were formed with varying push-beam spacing, as shown in figure 7 . Modulus estimates are consistent across all push-beam spacings but show increased noise with decreasing beam spacing. An increase in measurement variance is expected with decreasing beam spacing, as a given error in the arrival time difference T becomes a greater fraction of the time difference. While a slight sharpening of the lateral edges is evident, the sharpening is not as large as would be suggested by the reduction in~P' A possible explanation for the modest enhancement in resolution with reduced push-beam spacing is the width ofthe pushing beams, which remained unchanged as the beams were moved together. At the focus the distance between the lateral nulls of the intensity pattern is 2.48 mm. Thus, as the beam spacing is reduced from this value, the beam overlap becomes significant. Furthermore, the variance in the estimate increases, as the uncertainty in the arrival times becomes a larger fraction of the difference in arrival times.
Gelatin phantom
Modulus images of cross sections through the gelatin phantom are presented in figure 8 . The diameter in the scan plane varies from 12 to 1.5 mm in the images shown. The modulus estimates at the center of the lesion remain consistent except for the smallest lesions, when blurring with the background results in elevated values. The asymmetry ofthe smaller diameter sections is due to the anisotropic resolution of this method. The lateral resolution is strongly determined by the push-beam width and spacing while axial resolution is primarily dependent on the tracking pulse length and tracking window size. In the present case the push-beam spacing is 2.48 mm while the tracking pulse and widow together are 1.2 mm, implying a 2-1 resolution asymmetry.
An apparent shear-modulus variation is visible between 20 and 30 mm depth, radiating downward from the left and right edges ofthe inclusion. This is due to refraction ofthe push beam by the ultrasound wave speed differences in the two regions. Pulse-echo measurements subsequent to the SMURF scans of this phantom indicated longitudinal wave speeds of 1,590 mls in the background and 1,640 mls in the conical section. This is considered in the Discussion section.
Matched B-mode and modulus images of the cone phantom with the scan plane aligned with the cone axis is shown in figure 9 . Both the raw estimate and estimate with a 1 mm x 1 mm spatial median filter and 2x spatial interpolation are presented for comparison.
Liver
Matched B-mode and SMURF-mod images ofporcine liver tissue are shown in figure 10 . Prior to injection ofgluteraldehyde, the modulus images are relatively uniform, with an average estimated shear modulus of 3 kPa. Four minutes after injection of 0.5 mL 10% glutaraldehyde a stiff lesion, approximately 4 mm in diameter, is clearly visible in the modulus image. A more modest increase in stiffness is visible over a larger area surrounding the injection site. This larger region shows greater stiffness eight minutes after injection. The B-mode images are essentially unchanged over the course of the experiment.
Standard SMURF images are not shown, as the method failed in liver tissue. While displacement images showed that both push beams displaced the liver tissue, the initially distinct peaks in displacement merged into a single, broader peak before any significant shear wave propagation occurred. Thus attenuated, the spatially-modulated component was too small to be detected successfully at adjacent tracking locations. As the SMURF-mod results A 1 mm x 1 mm spatial median filter has been applied to the SMURF images. suggest, increasing the spacing between pushing beams would allow for distinguishable spatial modulation peaks to be detected, but at the cost of lateral resolution.
DISCUSSION
The homogeneous elastic phantom results indicate that both SMURF methods yield comparable modulus estimates. As expected, the resolution ofboth SMURF and SMURF-mod is similar, based on images of the spherical inclusion phantom. Identical push-beam spacing was used for both methods and dispersion was negligible. Under these conditions, both sequences produce similar results. The SMURF-mod sequence simplifies somewhat the signal processing needed to reconstruct a modulus image. The increased temporal separation makes it easier to time the arrival ofthe two shear waves and avoid the false autocorrelation peak possible with SMURF. As demonstrated here, however, false peaks can be effectively eliminated by high-pass filtering ofthe autocorrelation signal. Because ofthe extra time required to collect the SMURF-mod ensemble, sensitivity to physiological and transducer motion can be expected to increase and the maximum frame rate adversely affected.
Where the two methods differ significantly in performance is in viscoelastic media. Here, the SMURF-mod sequence is superior. Dispersion rapidly attenuated the high-frequency, spatially-modulated component ofthe shear wave generated by the SMURF sequence, rendering it undetectable. While an increased push-beam spacing would lower the induced shear wave frequency and allow detection, this would also adversely affect lateral resolu- tion. Introduction of the time delay between push beams in the SMURF-mod sequence allowed for successful timing of shear wave propagation. The advantages of tracking at a single location are retained in the SMURF-mod sequence.
In figure 8 , an image artifact is visible distal to the left and right edges ofthe circular inclusion. This artifact is visible as lines of low apparent shear modulus relative to the background. These lines are due to the difference in the longitudinal (ultrasound) wave speed between the inclusion and background. While sound speed error in the inclusion causes a refraction ofall the beams, it is significant in the modulus reconstruction only to the degree that it causes a change in the effective push-beam spacing A; Refraction of the tracking beam (unless extreme) affects the shear-wave signals from both push beams equally and does not bias the result. Refraction-induced variation in !J. p , on the other had, leads to an underestimate ofmodulus ifthe beams refracted such that A, is increased leads to an underestimate of the true shear modulus. While undesirable, this artifact would also exist in methods that track the propagation ofa single shear wave at multiple locations and is not inherent to SMURF. A related concern is that variations in the tissue absorption and scattering, along with the separate propagation paths of the push beams, may induce shear-modulus measurement variance. While the literature' indicates that absorption is the dominant mechanism of attenuation in liver and, thus, one might expect radiation force to be likewise determined primarily by tissue absorption properties, we have not demonstrated this here.
CONCLUSION
A demonstration of shear modulus imaging using the SMURF method has been presented. Modulus images of uniform phantoms show values consistent with those obtained by unconfined compression. The standard deviation of the estimates over the field of view was 3-6% of the mean estimated value. Cross-sectional images of a conical inclusion with half the modulus of the background indicate that structures comparable in size to the push-beam spacing (2.5 mm) may be resolved. Both the SMURF and SMURF-mod sequences yielded comparable modulus estimates in elastic phantoms. In the more viscoelastic liver tissue, it was found that the SMURF-mod sequence yielded superior results. Future work will investigate the effect ofpush-pulse timing and beam spacing on measurements in viscoelastic materials.
